Human erythrovirus is a minute, single-stranded DNA virus causing many diseases, including erythema infectiosum, arthropathy, and fetal death. After primary infection, the viral genomes persist in solid tissues. Besides the prototype, virus type 1, two major variants (virus types 2 and 3) have been identified recently, the clinical significance and epidemiology of which are mostly unknown. We examined 523 samples of skin, synovium, tonsil, or liver (birth year range, 1913-2000), and 1,640 sera, by qualitative and quantitative molecular assays for the DNA of human erythroviruses. Virus types 1 and 2 were found in 132 (25%) and 58 (11%) tissues, respectively. DNA of virus type 1 was found in all age groups, whereas that of type 2 was strictly confined to those subjects born before 1973 (P < 0.001). Correspondingly, the sera from the past two decades contained DNA of type 1 but not type 2 or 3. Our data suggest strongly that the newly identified human erythrovirus type 2 as well as the prototype 1 circulated in Northern and Central Europe in equal frequency, more than half a century ago, whereafter type 2 disappeared from circulation. Type 3 never attained wide occurrence in this area during the past >70 years. The erythrovirus DNA persistence in human tissues is lifelong and represents a source of information about our past, the Bioportfolio, which, at the individual level, provides a registry of one's infectious encounters, and at the population level, a database for epidemiological and phylogenetic analyses.
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epidemiology ͉ gene therapy ͉ parvovirus ͉ phylogeny ͉ single-stranded DNA P arvovirus B19, of the erythrovirus genus, is the prototypic human pathogen of the Parvoviridae family, encapsidating within its minute (Ϸ20 nm) nonenveloped icosahedral protein shell a single-stranded DNA genome of 5,596 bp (1-4). The virus multiplies restrictively in the erythroid precursor cells of the bone marrow (5), giving rise to high-titer viremia, which, according to sensitive techniques, subsides more slowly than thought previously (6) (7) (8) (9) (10) . The viral DNA genome was long considered highly stable and the species, phylogenically monolithic (11) . Because of recent discoveries, however, we now recognize three major types, the prototype (genotype 1) and two variants (genotypes 2 and 3), diverging from each other in sequence by Ϸ10% and in the promoter region by Ͼ20% (12) (13) (14) (15) . The molecular biology and clinical significance of the newly recognized erythrovirus types are under active study (13, (15) (16) (17) . In line with the difficulties in detecting these viruses (16, 18, 19) , two previously undescribed human parvoviruses have been identified recently among symptomatic patients (20, 21) . Indeed, the evolution rate of these mammalian single-stranded DNA viruses has turned out to be exceptionally high, comparable with that of RNA viruses (22, 23) .
After primary infection, the erythroviral genomic DNA remains detectable in human tissues, in both symptomatic and asymptomatic subjects (24) (25) (26) . Serodiagnostics (i.e., IgG seropositivity; IgG avidity, IgG epitope type specificity, and the absence of IgM ruling out recent primary infection) verified the specificity of the original findings and showed the DNA persistence in synovium to be long (24, 27) . Besides revolutionizing the diagnostic criteria of parvovirus arthropathy (28, 29) , the tissue persistence has evoked wide interest in the possible etiopathogenic role of these viruses in inflammatory and other chronic diseases (30) (31) (32) (33) (34) (35) (36) . However, the substantial span of the viral genome persistence as well as its cellular and molecular mechanisms remained undefined.
In the present work, we have determined the extent and duration of persistence of genomic DNA of the different erythrovirus types in a large number of tissue samples and patient sera from the past two decades. We found that erythrovirus genome persistence in human tissues is ubiquitous and lifelong and represents an entity, named the Bioportfolio, which indicates that the newly discovered virus type 2 was actually ''older'' in occurrence in Central and Northern Europe than the virus prototype and that the type 3 never attained wide circulation in the area during the 70-year observation period from the 1930s to the present day.
Results and Discussion
In our previous studies with a small number of samples, the genomic DNA of erythrovirus type 2 was found in skin but not in synovium (12) . We consequently determined the tissue typespecific occurrence of the previously known and the recently discovered virus types 2 and 3 by studying a large number of solid-tissue and serum samples with qualitative and quantitative molecular assays for DNA of all three erythrovirus types.
Virus type 1 DNA was found in all tissue types (skin, synovia, tonsil, and liver), with detection rates varying from 16% in tonsils to 35% in synovia. The universal distribution held also for virus type 2, albeit at a lower frequency (Table 1) . Also, the DNA copy levels of the two virus types were similar (data not shown). Virus type 3 was absent from all of the tissues studied. Two tonsils contained erythroviral DNA with a melting point of 63°C (18), which, by sequencing, turned out to be a subvariant of virus type 1. Altogether, these large-scale PCR findings ruled against tissue specificity of any of the erythrovirus types.
We next grouped the sample donors according to their birth years ( Fig. 1) . Whereas virus type 1 was seen almost uniformly in subjects of all ages (except small children), virus type 2 was strictly confined to the older age groups (P Ͻ 0.001). Among those born in the 1950s or earlier, the genoprevalences of virus types 1 and 2 were similar: 22% (41 of 189) and 28% (53 of 189), respectively. By contrast, among those born in the 1960s, virus type 2 occurred in merely 3% (3 of 92); and among those born in the 1970s, virus type 2 was present in only a single individual (1%; 1 of 100). Among children born during the 1990s, the overall erythrovirus genoprevalence was low (4%; 3 of 69), and all were of virus type 1.
In the sera collected during 1983-1997 from patients with a variety of symptoms, erythrovirus DNA was detected in 17% of the serum pools. According to both melting curve analysis and type-specific PCR, all of the findings were of virus type 1, whereas virus types 2 and 3 were absent from all of the 1,640 sera.
In the literature, the recently discovered erythrovirus variants (types 2 and 3) have been encountered infrequently. Of 120,000 Danish and 140,000 Finnish contemporary blood donors, many had virus type 1 in plasma, but none had type 2 or 3 (13, 18) . Also, in the sera of symptomatic European patients, the occurrence of virus type 2 has been sporadic (9, (13) (14) (15) (16) . Furthermore, in plasmaderived coagulation factor concentrates, type 2 DNA has been detected rarely, yet more often in older preparations (37) . Virus type 3 was recently encountered, at a low level, in blood donor samples from Ghana, but not from Malawi, South Africa, or the United Kingdom (38) . Occasional French or Brazilian patients carried virus type 3 in their blood or bone marrow (14, 17) .
Our approach to investigate single-stranded DNA virus genomes naturally stored in live human tissues, with storage capacity here shown to extend over decades, permitted us to view lifelong variations in the circulation of the three virus types. We found that the ''new'' variant (virus type 2) is, in fact, ''older'' than the prototype (virus type 1); the subjects persistently carrying the former were born on average 20 years earlier than those carrying the latter. Therefore, assuming for virus type 2 preferential acquisition during childhood and adolescence, as holds for the virus prototype (39, 40) , both types have circulated in Northern and Central Europe widely, and in equal frequency, from the 1930s to the 1950s. However, type 2 appears to have disappeared from wide circulation by the 1970s and remained absent thereafter, as confirmed by our patient sera drawn during the 1980s and 1990s. The absence of virus type 3 from the samples studied (220 tonsils and 1,640 sera) rules out widespread occurrence of this variant in Northern Europe for the past Ն70 years. The occurrence of virus type 3 endemically in Ghana (38) and occasionally in the two Western countries (France and Brazil) with a significant influx of people of West African origin (14, 17) is in line with the absence of type 3 DNA from the tissues and sera of our Nordic population with only small-scale African immigration.
An entirely different explanation for the occurrence of DNA of virus type 2 exclusively among the elderly could be their selective susceptibility for primary infections of this type, as opposed to the preferential susceptibility of children and young adults for the prototype virus (39, 40) . However, such an ''inverse chronological tropism'' is highly unlikely because it (i) would imply continued circulation of virus type 2, a condition ruled out by the present study; and (ii) has not been disclosed for any human virus known.
Indeed, our data indicate that human tissues possess, regarding the genomes of single-stranded DNA viruses, a storage mechanism of lifelong (Ն70 years) capacity. For this concept, we propose the term Bioportfolio.
Because of the absence of type 2 genomes from both the sera and tissues of the recent decades, the Bioportfolio cannot be maintained by exogenous replenishment (reinfection). Also, the fact that the genoprevalence of erythroviral DNA was not diminished in the older generations (Fig. 1) points to extreme permanence in human tissue, either since primary infection or by endogenous replenishment. Should the latter storage mechanism be operational, it would need to be nonviremic and nontransmitting, as shown by the absence of virus type 2 from our sera over the past two decades and from the tissues of the young. On the other hand, lifelong DNA persistence without any replication is not entirely easy to envision, in light of the rapidity of in vivo turnover of human cells of most types (41) . Indeed, exceptionally slow erythrovirus DNA replication was recently documented in a nonerythroid human cell line (42) . In light of the infrequency of human parvovirus reinfections in general, virus types 2 and 3 have been encountered in blood of immunodeficient individuals conspicuously often (13, 14, 16, 17) , suggesting that they might have been released from tissue persistence. In accordance with this view, the maintenance of the Bioportfolio could involve a dynamic interplay between viral replication and the immune surveillance of the host, as has been discussed for the occasional erythrovirus persistence in blood (38, 10) . We nevertheless believe that an immunological difference does not explain the restrictive occurrence of type 2 viral DNA in tissues of the elderly because of the similarity among the three virus types (15, 43) and the paucity of viremic (15, 16 ) type 2 infections during recent years, as shown here. Because of its remarkable longevity, the Bioportfolio has interesting potential utilities. As shown here, at the level of an individual patient, it provides a lifelong registry of one's infectious encounters. At the global and epidemiological level, it provides a database for analysis of the occurrence and circulation of viruses and their variants. Moreover, in light of the well preserved integrity and full-length coding potential of the persistent macromolecular viral DNA genomes (27) , the Bioportfolio might provide the desired long-term permanence for gene therapy vectors, which, in the future, could be designed in accordance with this innate characteristic of the human body.
Methods
Tissue and Serum Samples. Biopsies of synovial tissue (n ϭ 86) were obtained in Finland during arthroscopy from healthy adults (birth year range, 1931-1992; mean Ϯ SD, 1964 Ϯ 15) with joint trauma and simultaneously from skin of the arthroscopy wound edge (hereafter referred to as skin-synovial tissue pairs). Biopsies of skin (n ϭ 54) were obtained from patients with B19-unrelated dermatological lesions and from healthy hospital or laboratory staff (range, 1913-1991; mean, 1951 Ϯ 19) . Biopsies of tonsillar tissue (n ϭ 220) were obtained during tonsillectomy from patients (range, 1929-2000; mean, 1979 Ϯ 15) with tonsillitis or tonsillar hypertrophy (44) .
Biopsies of liver tissue (n ϭ 77; range, 1915-1981; mean, 1948 Ϯ 14) were collected in Germany for diagnostic purposes and treated as described in ref. 26 . Of these tissues, 53 had been tested previously for virus type 1 (26) and were studied here for virus type 2. Additionally, 19 specimens were obtained in transplantation from the explanted livers and 5 from diagnostic biopsies.
The study included 1,640 sera (donor birth year range, 1907-1993; mean, 1966 Ϯ 19) collected in Finland for virus diagnosis. The specimens comprised (i) 1,393 sera collected during 1983-1997 from 1,393 patients with rash, fever, or other constitutional symptoms, initially studied with negative results for rubella and measles (45) , Sindbis virus (46), or hantavirus disease (47); and (ii) 247 sera collected during 1992-1993 from 247 patients with serologically confirmed erythema infectiosum (48, 49) . The sera were studied in pools of 10 (10 l each), taking 20 l per pool for DNA purification.
Plasmid Clones. The plasmid clone of virus type 1 (nucleotides 180-5416) has been described by Brunstein et al. (50) . Virus type 2 from skin was amplified in five overlapping areas by PCR and cloned (18) . After several restriction and ligation steps, a single clone covering nucleotides 202-5147 was constructed. Virus type 3 clone (AJ249437) covering nucleotides 282-5314 was kindly provided by A. Garbarg-Chenon (51). These clones were used for validation of and as positive controls in the PCRs. Nucleotide numbering is according to the GenBank sequence AY504945.
DNA Purification and PCR. DNA from the skin biopsies, the skinsynovial sample pairs (collected before 2003), and from the serum pools was isolated by proteinase K digestion followed by phenolchloroform extraction and ethanol precipitation and finally was resuspended into 20 l of water. DNA from the tonsillar and liver biopsies and from the skin-synovial tissue pairs (collected from 2003 to date) was isolated with the QIAamp DNA Mini kit (Qiagen, Hilden, Germany). All of the DNA preparations were studied by PCR undiluted and at 1:10 dilution.
As shown in Table 2 , the DNA preparations from skin, synovia, tonsils, and sera were studied first by nested or nonnested VP1-PCRs detecting all three virus types. The preparations from liver were studied for virus type 1 with nested PCR as described in refs. 37 and 53. In the PCR-positive dermal, synovial, liver, and serum preparations, virus type 2 was iden- tified by the K71-PCR (12) . Virus types 1, 2, and 3 in the VP1-PCR-positive tonsillar and serum preparations were distinguished by the Real Art Parvo B19 LC PCR (Artus, Hilden, Germany) followed by melting curve analysis (18) . Besides identification, the method quantifies the three virus types.
The detection sensitivities of all five of the PCRs were examined with the plasmid clones in a series of 10-fold dilutions and with constant template volumes of 1.5 and 5 l for the nested and non-nested PCRs, respectively. All of the PCRs were observed to amplify their corresponding targets at a very high efficiency and with detection sensitivities within 1 log ( Table 2 ). This finding, along with the highest sensitivity of the K71-PCR for virus type 2, rules out the possibility of a detection artifact caused by differences in sensitivity between detection of genotype 1 and 2 in tissues with very low viral load. Because of the high sensitivity of all of the PCRs, stringent precautions were taken to avoid contamination. As before (12, 24, 26) , the samples and PCR mixtures were handled under laminar flow hoods in separate rooms, using disposable racks and aerosol-resistant tips. Water was used as a negative control during DNA isolation and in each PCR run.
DNA Sequences and Statistical Analysis. For additional confirmation of virus typing, some of the PCR amplicons of this study (all from the livers) were sequenced by cycle sequencing at the Haartman Institute (University of Helsinki) core facility or the Institute of Medical Microbiology, Immunology, and Parasitology (University of Bonn), with ABI BigDye Terminator kits (Applied Biosystems). The reactions were run on an ABI 3100 capillary sequencer or ABI PRISM 3130 Genetic Analyzer, respectively.
Statistical analysis was performed with STATXACT (Cytel, San Diego) with a linear-by-linear trend test.
The tissue samples were obtained with informed consent, and the studies were approved by the Ethical Committee of the Helsinki University Central Hospital.
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